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Abstract
Studies of the programming of Hox patterns at anterior spinal levels suggest that these events are accomplished through an integration
of Hensen’s node-derived and paraxial mesoderm signaling. We have used in vivo tissue manipulation in the avian embryo to examine the
respective roles of node- derived and other local signals in the programming of a Hox pattern at posterior spinal levels. Hoxd10 is highly
expressed in the lumbosacral (LS) spinal cord and adjacent paraxial mesoderm. At stages of LS neural tube formation (stages 12–14), the
tailbud contains the remnants of Hensen’s node and the primitive streak. Hoxd10 expression was analyzed after transposition of LS neural
segments with and without the tailbud, after isolation of normally positioned LS segments from the stage 13 tailbud, and after axial
displacement of posterior paraxial mesoderm. Data suggest that inductive signals from the tailbud are primarily responsible for the
programming of Hoxd10 at neural plate and the earliest neural tube stages. After these stages, the LS neural tube appears to differ from more
anterior neural segments in its lack of dependence on Hox-inductive signals from local tissues, including paraxial mesoderm. Our data also
suggest that a graded system of repressive signals for posterior Hox genes is present at cervical and thoracic levels and likely to originate
from paraxial mesoderm.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The development of unique cell types and cellular ar-
rangements within the central nervous system often reflects
the position that cells occupied during early embryogenesis.
In the vertebrate hindbrain and spinal cord, Hox genes are
prime candidates for encoding positional identity on the
anteroposterior (AP) axis. These genes encode transcription
factors that are homologues of the Drosophila homeotic
gene products that direct the development of segment phe-
notypes (Akam, 1987). The vertebrate Hox genes are orga-
nized into clusters on four separate chromosomes (Hoxa-d).
Individual members of each cluster have a specific domain
of expression along the AP embryonic axis of the hindbrain
and spinal cord with more 3 genes being expressed more
cranially or anteriorly than more 5 genes (McGinnis and
Krumlauf, 1992). Hox expression boundaries often coincide
with morphologically defined regions, such as hindbrain
segments or functionally distinct trunk levels (Lumsden and
Keynes, 1989; Gaunt, 1994; Burke et al., 1995). Loss-of-
function mutations in mice Hox genes lead to abnormalities
in neuronal organization and axon trajectories (see Krum-
lauf, 1994; Cappechi, 1997; Rijli et al., 1998; Carpenter,
2002). Most striking are observations that ectopic expres-
sion of an individual Hox gene can result in local changes in
motoneuron organization and trajectory to match those of
motoneurons in the normal domain of that specific gene
(Bell et al., 1999; Jungbluth et al., 1999).
How the expression of a specific Hox gene or group of
Hox genes actually imparts positional information to em-
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bryonic neurons is not known. One step in the elucidation of
this process is to understand how Hox patterns, themselves,
are programmed during development. Here, the avian em-
bryo has served as a primary model. Clear stereotyped
patterns of Hox gene expression are apparent in avian hind-
brain and spinal segments as neural tube cells begin to
differentiate. The programming of these patterns appears to
be a gradual process beginning at about the time of gastru-
lation and extending through neural tube stages. Analyses of
expression patterns in isolated neural explants and in seg-
ments exposed to foreign axial tissues indicate that individ-
ual segments show differences in ability to express specific
Hox genes at neural plate stages but can be influenced by
signals from surrounding tissues through early neural tube
stages (Guthrie et al., 1992; Kuratani and Eichele, 1993;
Simon et al., 1995; Grapin-Botton et al., 1995, 1997; Itasaki
et al., 1996; Ensini et al., 1998; Lance-Jones et al., 2001;
Liu et al., 2001).
Recent studies by Liu et al. (2001) suggest that Hens-
en’s node plays a major role in the programming of Hox
expression at spinal levels. Cells within rostral cervical
explants isolated at neural plate stages do not express any
Hox proteins. When, however, these explants are com-
bined with Hensen’s node tissue, the cells within them
develop a profile of Hoxc expression that reflects the age
of the node tissue. More 3 Hox proteins are expressed
when younger node tissue is included, more 5 Hox
proteins when older node tissue is used. These data are
compatible with the hypothesis that neural tissue is pro-
gressively posteriorized and that regional differences re-
flect either the length of time that neural plate tissue
remains associated with Hensen’s node or a temporal
change in signal quantity or complement.
While the above evidence is commanding, there are
substantial data supporting the roles of other environmental
tissues in Hox programming, in particular, the paraxial me-
soderm. Transposition experiments performed at the hind-
brain level show that signals originating from local paraxial
mesoderm can posteriorize Hox profiles. These signals ap-
pear to be graded with paraxial mesoderm adjacent to pos-
terior hindbrain segments being more potent and able to
induce the expression of more posterior Hox genes than
paraxial mesoderm adjacent to anterior hindbrain segments
(Itasaki et al., 1996; Grapin- Botton et al., 1997). At spinal
levels, transposition (Ensini et al., 1998) and coculture ex-
periments (Liu et al., 2001) suggest that signals from parax-
ial mesoderm at any one axial level may result in the
induction of some Hox proteins but the repression of others.
For example, cells within rostral cervical explants can be
induced to express Hoxc6-c9 when combined with Hensen’s
node, but will only express Hoxc5 when combined with
cervical paraxial mesoderm. When isolated alone, thoracic
neural plate explants will express more anterior Hoxc pro-
teins than normal. This pattern is narrowed or refined by the
inclusion of paraxial mesoderm and, in some cases, noto-
chord tissue as well.
These studies provide strong evidence that the program-
ming of Hox gene expression patterns is accomplished
through an integration of node-derived and paraxial meso-
derm signals. How do these different signals and signal
sources relate to one another? Both in vivo grafting and
explant studies suggest that paraxial mesoderm signals are
likely to be secondary to early patterning influences (see
Itasaki et al., 1996; Grapin-Botton et al., 1997; Liu et al.,
2001). However, no studies have specifically examined the
relationship of Hensen’s node signals to other local regional
signals in vivo. Further, there may be marked differences in
the specific roles of posterior and lateral signals at different
axial levels. For example, transposition experiments suggest
that adjacent paraxial mesoderm has little influence on the
development of Hoxd10 expression patterns in posterior
(LS) spinal regions (Lance-Jones et al., 2001).
Here, we use in vivo tissue manipulation in the avian
embryo to examine the relationships between signals from
Hensen’s node and signals from other sources in the pro-
gramming of Hoxd10. We specifically chose Hoxd10 be-
cause it is expressed in a restricted manner in posterior
regions of the avian embryo. During stages of neuronal
differentiation and peripheral axon outgrowth, all LS spinal
cord segments and most LS paraxial mesoderm show high
levels of Hoxd10 expression, while equivalent thoracic (T)
and posterior sacral tissues do not (Lance-Jones et al.,
2001). Further, analyses of loss-of- function mutants impli-
cate Hoxd10 in the positioning of LS neural segments as
well as LS skeletal elements (Carpenter et al., 1997). We
showed previously (Lance-Jones et al., 2001) that the pro-
gramming of Hoxd10 is initiated before the earliest LS
neural tube stage (stage 13 of Hamburger and Hamilton,
1951), but this program can be modified for approximately
6–10 h after neural tube closure. We show here that the
development of Hoxd10 expression in both newly formed
neural and mesodermal segments can be influenced by axial
position in a graded manner at stage 13. Hoxd10 expression
in transposed LS segments decreases with increasing dis-
tance from normal LS levels and the node region. We also
show that the stage 13 tailbud (the remnant of the node and
primitive streak) is a strong source of inductive signals for
Hoxd10. Does this mean that LS segments require inductive
signals from the tailbud after stage 13 and that, with trans-
position to increasingly distance axial levels, these seg-
ments receive decreasing amounts of such required signals?
In fact, data from several manipulations suggest that neither
tailbud signals, nor signals from local paraxial mesoderm
are required after stage 13. Instead, our data are most com-
patible with the hypothesis that the response of LS segments
to anterior displacement reflects the operation of graded
signals inhibiting posterior Hox gene expression, signals
likely to originate from anterior paraxial mesoderm. Prelim-
inary reports were published in abstract form (Omelchenko
and Lance-Jones, 2000).
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Materials and methods
Animals
White Leghorn chick and Japanese quail eggs were ob-
tained from commercial sources (CBT, Chestertown, MD)
and incubated in a forced-draft incubator at 38°C. Eggs for
in vivo surgeries were windowed at E1.5–E2.5 and the
embryos stained with a 0.5% neutral red/saline solution.
Embryos were staged by using somite (s) number and the
criteria of Hamburger and Hamilton (1951).
General aspects of surgery
In ovo surgical manipulations were carried out to exam-
ine the programming of Hoxd10 in stage 13 LS tissue. We
chose stage 13 (19–21 somite embryos) because prior stud-
ies indicated that Hoxd10 expression patterns are plastic at
this time. When LS1-3 neural segments are transposed to
anterior thoracic (T) regions at stage 13, little Hoxd10 ex-
pression develops in the transposed LS segments. In con-
trast, when the same segments are transposed at stage 15,
levels of Hoxd10 expression in the transplant region become
high and equivalent to those in normal LS segments (Lance-
Jones et al., 2001). All surgeries entailed the transplantation
of chick donor tissue into chick host embryos. For selected
manipulations, the same surgeries were also carried out by
using quail embryos as donors to verify transplant levels
and the fate of transplanted cells. Techniques for tissue
excision and isolation were those of Lance-Jones et al.
(2001) and Matise and Lance-Jones (1996).
The early identification of LS tissues and axial levels
(Fig. 1A and B)
Anterior LS segments (LS1-3) are formed by primary
neurulation and, at stage 13, they correspond to the posterior
half of the closed neural tube adjacent to unsegmented
paraxial mesoderm (see Fig. 1A and Matise and Lance-
Jones, 1996; Lance-Jones et al., 2001). Anterior LS seg-
ments are also underlain by a distinct notochord. Middle
(LS4-5) and posterior (LS6-8) segments are formed by
secondary neurulation, a process involving the cavitation of
a midline mass of epithelial cells (see Colas and Schoen-
wolf, 2001). At stage 13, these neural precursors are part of
the tailbud, a bulb-like structure just posterior to the recently
closed neural tube and anterior to a short primitive streak
remnant (Fig. 1A and B). Middle to posterior LS neural
tissue is not underlain by a distinct notochord. Rather, the
notochord ends at a bend in the embryonic axis, which
marks the site of the chordoneural hinge (CNH, Fig. 1B).
The tissue of the CNH is positioned ventrally and anteriorly
in the tailbud and is considered to be the remains of Hens-
en’s node (see Schoenwolf and Sheard 1990; Catala et al.,
1995, 1996).
We used the following criteria to define individual LS
segments at surgery. LS3 was defined as that neural tissue
above (early stage 13: 19 somites) or just anterior to (late
stage 13: 20–21 somites) the CNH. LS 1–2 and LS4-5
segments were defined by measuring somite-equivalent
lengths, anterior and posterior to LS3, respectively. Stage
11–12 embryos were used as hosts for transplants of stage
13 LS segments to more anterior axial levels; allowing an
age-matching of LS and environmental tissues. At stages
11–12, thoracic (T) levels corresponded to the posterior half
of the closed neural tube adjacent to unsegmented paraxial
mesoderm. Anterior cervical and posterior cervical (brachi-
al) levels were identified with reference to the adjacent
newly formed somites.
Normal Hoxd10 expression and the choice of stages for
analysis (Fig. 1C–F)
At stage 13, no tissues express high levels of Hoxd10.
However, Hoxd10 is expressed diffusely and at a low level
in the tailbud and adjacent posterior lateral mesoderm. Like
many other Hox genes (see Gaunt and Strachan, 1994;
Belting et al., 1998), this low level expression spreads
anteriorly during early neural tube stages and is ultimately
replaced by a much higher and sharper expression pattern.
High level Hoxd10 expression only develops in LS spinal
cord cells when these cells begin to withdraw from the cell
cycle (stage 17/18; see Lance-Jones et al., 2001). Hoxd10
expression is only clearly detectable in LS paraxial meso-
derm once it begins to segment into somites (stage 16/17;
unpublished observations).
In all cases, experimental embryos were sacrificed and
Hoxd10 expression patterns examined at stages 28–30. In a
normal embryo, all LS neural segments (LS1-8) show high
Hoxd10 expression at stages 28–30 (Fig. 1D and E). Sur-
rounding segments (T7 and posterior sacral segments) show
little, if any, expression. Hoxd10 appears highest in middle
LS segments (LS4-5) predominantly because of the large
size of the motor columns (see Fig. 1E and F). Hoxd10
expression is also slightly lower in more anterior LS seg-
ments as the earliest-born neurons (motoneurons) show a
gradual decrease in Hoxd10 expression after stage 26 (see
Fig. 1E and Lance-Jones et al., 2001). Hoxd10 is expressed
in LS paraxial mesoderm at stages 28–30, but only at high
levels posterior to LS2 (see Fig. 1D). Stages 28–30 were
chosen for our analyses not only because LS Hoxd10 is
normally high but also because development has proceeded
to a point where specific segment levels can be defined by
reference to the ribs and limb nerve plexuses. At the time of
sacrifice, transplant boundaries were identified by slight
bends or constrictions in the spinal cord or adjacent meso-
derm.
In situ hybridization and histochemistry
Embryos to be processed for whole-mount in situ hy-
bridization were quickly decapitated, eviscerated, and a
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ventral laminectomy performed to expose the ventral sur-
face of the cord. Laminectomies were not performed on
embryos prepared for section in situ hybridization. Embryos
with transplants of chick tissue were fixed in 4% parafor-
maldehyde and then processed to 100% methanol or pre-
pared for frozen sectioning at 14–16 m. Digoxygenin-
labeled riboprobes were synthesized according to supplier
protocol (Boehringer Mannheim) from a pBluescript plas-
mid with a Hoxd10 insert (1.7 kb) kindly provided by C.
Tabin. The methods used for whole-mount and section in
situ hybridization were modified versions of those of Nieto
et al. (1996) and Schaeren-Wiemers and Gerfin-Moser
(1993), respectively (see Lance-Jones et al., 2001).
Some chimeric embryos with transplants of quail tissues
were fixed in Carnoys, and embedded in paraffin. In situ
hybridization was carried out on 10-m serial paraffin sec-
tions. Adjacent sections were stained with Feulgen to visu-
alize distinctive quail nuclei. Other chimeras were prepared
Fig. 1. Normal anatomy at stages of surgery and analysis. (A) Schematic dorsal view of a stage 13 embryo (19–21 somites) at spinal levels. (B) Midsagittal
H&E-stained section of the stage 13 LS neural tube and tailbud (TB). The cordoneural hinge (CNH) corresponds to the node and lies approximately at the
LS3/4 level (arrow). (C) Hoxd10 expression at stage 13. Low and diffuse expression is evident only in the tailbud and posterior lateral mesoderm. (Dark bars
are anchoring pins.) (D–F) Hoxd10 expression at stage 29. (D, E). Dorsal and ventral views of posterior embryonic regions. In (E) (and subsequent ventral
views of whole mounts), vertebral cartilages were removed, exposing the ventral cord surface. Hoxd10 is expressed in both neural and paraxial mesoderm
tissues at LS levels (gray bars, LS1–LS8). Neural expression is most easily detected in ventral view (E); paraxial mesoderm expression, in dorsal view (D).
Expression is highest in middle LS spinal cord segments (asterix, E) and paraxial mesoderm (asterix, D) posterior to LS2. (F) Transverse section through
middle LS region. Expression is evident in postmitotic spinal cord cells, in dorsal root ganglia (drg) and in surrounding paraxial mesoderm derivatives.
Calibration bars, 100 m.
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as 14- to 16-m frozen sections. Here, the quail-cell-spe-
cific antibody, QCPN, was used to trace cell fate. This
antibody was obtained from the Developmental Studies
Hybridoma Bank. A Vectastain ABC system (mouse IgG,
peroxidase) was used according to the manufacturer’s in-
structions.
Measurement of Hoxd10 levels
Hoxd10 levels were quantified in embryos with anterior
transpositions of LS neural segments  the tailbud. Using
IP Lab software, we measured pixel density in photographs
of the ventral spinal cord from embryos processed via
whole-mount hybridization. Measurements were made for
two representative segments (LS2 and LS4) in the host LS
cord and the transplant region. To correct for variability in
processing and age differences at time of sacrifice, pixel
density in individual transplanted segments was expressed
as a percent of that in the corresponding host segments after
subtracting background (T neural tube, 2–3 segments away
from the transplant or host LS level). To make comparisons
between transplants of anterior LS segments alone (LS1-2
or 3) and transplants that extended through middle LS
segments (LS4-5), we included new measurements of some
LS1-3/4 transplant embryos from a prior study (n  8;
Lance-Jones et al., 2001). An unpaired t test was used to
determine significance.
Results
Evidence for a gradient of signals along the spinal axis
Previous studies (Lance-Jones et al., 2001) indicated that
the development of regional character within anterior LS
segments could be influenced by environmental signals at
stage 13. When LS1-3 was placed in anterior thoracic (T)
regions, little Hoxd10 expression developed in the trans-
plant. Further, other features of LS regional identity includ-
ing motor column size and LIM protein patterns did not
develop appropriately. In marked contrast, when placed in
posterior T regions, high Hoxd10 levels and other distinc-
tive LS features were found. Is there a gradient of signals
influencing the development of Hoxd10 that extends the
length of the spinal axis? To address this question, we
transplanted LS neural segments to a range of sites along the
AP spinal axis (Fig. 2A). Anterior–middle LS neural seg-
ments were obtained from stage 13 donor chick or quail
embryos. The specific segments chosen varied (i.e., LS1-4,
LS3-5); however, most transplants include LS4 (n 31/35).
Anterior LS segments (LS1-2/3) could be cleanly separated
from the underlying notochord with tungsten needles. At
middle LS levels (LS3/4-5), where there is no visible border
between prospective notochord and neural tissue, we re-
moved only dorsal axial tissue. Prior fate mapping studies
indicate that such a transplant would include only future
neural tissue (Catala et al., 1995). Donor tissue was placed
into age-matched (stage 11–12) hosts at levels extending
from cervical to posterior T.
Examination of Hoxd10 expression in embryos with
chick-to-chick transplants (n  28) indicated a clear corre-
lation between AP position of the transplant and gene ex-
pression level. Shown in Fig. 2B are representative stage 29
embryos processed via whole-mount in situ hybridization.
The amount of expression in the transplant region appears to
decrease in a graded manner with increasing distance from
the host’s LS region (Fig. 2B, white bar). This trend is
shown graphically in Fig. 2C, a summary of pixel density
measurements from whole mount photographs (see Materi-
als and Methods). Hoxd10 expression was initially mea-
sured in transplanted LS2 and LS4 segments and expressed
as percentages of expression in the corresponding host LS
segments in order to look for differences between a slightly
more mature, anterior segment (LS2) and a younger, more
posterior one (LS4). As no differences were noted in mean
percentages, the data have been combined in Fig. 2C.
Hoxd10 expression decreases gradually from about 75 to
11% of control values with increasingly anterior transplant
position. Differences between anterior cervical, brachial,
anterior T, and posterior T transplant groups were signifi-
cant (unpaired t test, P  .01). No significant differences
were found in Hoxd10 expression levels when embryos
were grouped according to transplant length (2–3 vs 4–5
segments in total length), host age (stage 11 vs stage 12), or
whether or not middle LS segments were included in the
transplant (levels in LS2 when transplant included LS4 vs
levels in LS2 without LS4). Overall, these results are com-
patible with the hypothesis that a graded system of infor-
mation exists through the full extent of the anterior spinal
neural tube.
To assess transplant fate more precisely, we examined
quail cell distribution and Hoxd10 expression in seven
chimeras. The spinal cord in the transplant region was
either entirely of donor origin or contained a small con-
tribution of host cells in the floorplate (Fig. 2D and E).
No correlation was found between expression levels and
the presence or absence of host floorplate, suggesting that
axial information from local floorplate cells are unlikely
to have influenced the development of Hoxd10 expres-
sion. For example, Hoxd10 expression is quite high in the
section shown in Fig. 2D, despite the fact that LS (donor)
neural tissue directly abuts thoracic (host) floorplate tis-
sue. In sectioned as well as whole material, Hoxd10
expression was often high in posterior transplant regions
(original LS4-5, see Fig. 2B and D). The facts that high
levels of Hoxd10 were not seen in equivalent transposi-
tions of LS1-3 (Lance-Jones et al., 2001) and that LS4-5
normally show higher levels than LS1-3, suggest that
intrinsic differences between LS segments have been
maintained despite transposition.
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Fig. 2. Experiments asking if signals affecting Hoxd10 development are graded along the spinal axis. (A) LS neural tissue was removed from stage 13 donors
(box) and transposed to different anterior axial levels in age-matched hosts. (B) Ventral views show label distribution in spinal cords at stage 29. All embryos
pictured had received transplants of chick neural tissue including LS4. Levels of Hoxd10 in transplant regions (black bars) decrease in a graded manner with
increasing distance from host LS levels (white bar). (C) Summary graph of Hoxd10 expression levels (mean % of host levels  s.e.) as measured on
photographs of transplanted LS2 and LS4 segments. Parentheses indicate number of cases. Cervical (C11–13), brachial (C14–16), anterior T, and posterior
T groups were significantly different from one another (unpaired t test, P .01). (D) Hoxd10 expression in a section through the posterior part of a transplant
in a stage 29 quail/chick chimera. The transplant had been placed at anterior T levels. The boxed area corresponds to the region shown in (E), an adjacent,
Feulgen-stained section. The cord is of donor origin with the exception of the floorplate (FP). Calibration bars, 100 m (D) and 10 m (E).
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The inclusion of the tailbud, the remnant of Hensen’s
node and the primitive streak, counteracts the effects of
LS segment transposition
Recent in vitro analyses of the programming of Hoxc
genes at anterior spinal levels indicate that signals from
Hensen’s node tissue can induce the expression of posterior
Hoxc genes in explants of more anterior neural tube (Liu et
al., 2001). To determine whether a similar induction can
occur in vivo, we transposed stage 13 neural segments with
the tailbud, the remnant of Hensen’s node, and the primitive
streak. Our transplants involved the axial displacement of
the LS1-4 neural tissue and all but the most posterior parts
of the tailbud (Fig. 3A). Notochord tissue underlying ante-
rior LS neural segments was often included; however, prior
studies indicate that the inclusion of the notochord with a
neural transplant does not influence the development of
Hoxd10 expression (see Lance-Jones et al., 2001).
Fig. 3. Assessing the inducing ability of the stage 13 tailbud. (A) LS neural tissue the tailbud (entire boxed area) were transposed to different anterior spinal
levels. (B) Ventral view of a transplant region processed in whole mount at stage 29. Despite placement at anterior T levels, Hoxd10 expression is high,
suggesting that the tailbud has induced Hoxd10. (C) Summary graph of Hoxd10 levels in transplants placed at cervical through anterior T levels (mean %
of host levels  s.e.). Transplant Hoxd10 levels are high, regardless of axial position. (D–I) Horizontal sections from the transplant regions in two stage 29
quail-chick chimeras. (D, F, H) Sections through the full extent of a transplant and adjacent host T segments. (E, G, J). Higher magnification sections showing
the posterior transplant boundary region in a second experimental embryo. QCPN staining (D, E) indicates that the transplant gives rise to both mesoderm
and neural tissue. Hoxd10 levels in donor spinal tissue (F, G) are high. In addition, host cells within adjacent T neural segments (arrows in F, G) are induced
to express Hoxd10. (H, I) Hoxc8 expression is visibly reduced within large clusters of host Hoxd10 cells (arrow in I), but not within small clusters (H).
The asterix in (I) indicates host Hoxc8 cells located further from the transplant site. Calibration bars, 200 m.
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In marked contrast to the results of transpositions of LS
neural segments alone, high Hoxd10 expression was evident
in chick-to-chick transplants regardless of axial level (n 
7, Fig. 3B). Mean Hoxd10 levels in transplanted segments
(LS2 and LS4) were 80–90% of the corresponding means
for host LS segments (Fig. 3C). Examination of sectioned
tissue from chimeras (n  12) also indicated high Hoxd10
expression in donor (quail) neural segments (Fig. 3D–G).
Further, all chimeras showed Hoxd10 expression in at least
some neural cells of host (chick) origin (arrows, Fig. 3F and
G). These Hoxd10-positive cells were always located adja-
cent to the posterior boundary of the transplant in anterior or
middle T segments that never normally express Hoxd10.
Thus, the tailbud appears to have induced ectopic expres-
sion of Hoxd10. A similar conclusion is drawn from obser-
vations made in 5/7 of our chick-to-chick whole-mount
preparations. Here, slight Hoxd10 expression was evident in
neural tissue separated from the transplant region by a
physical constriction (data not shown). No such expression
was ever seen in transplants that did not include the tailbud.
To determine whether the induction of Hoxd10 in host
neural tissue was accompanied by other changes in spinal
character, selected chimeric sections were hybridized with a
probe to Hoxc8 (cDNA kindly provided by C. Tabin).
Hoxc8 is normally expressed at high levels specifically in
brachial and anterior T segments (Encini et al., 1998). In
chimeras with either a relatively small cluster of host
Hoxd10-positive cells or a transplant ending at midT levels,
an obvious loss of Hoxc8 expression could not be discerned
(Fig. 3H). However, in those chimeras with a large cluster
of host Hoxd10-positive cells at brachial or the most ante-
rior T levels (n 3), a clear loss of Hoxc8 was evident (Fig.
3I). These observations parallel in vitro data (Liu et al.,
2001) in suggesting that proximity to the node region can
lead to both an induction of posterior Hox genes and a
repression of more anterior ones.
High Hoxd10 expression was also evident in donor
paraxial mesoderm adjacent to neural  tailbud transplants
(see Fig. 3B and F). This finding is in accord with prior fate
maps showing that the tailbud is a source of paraxial me-
soderm and that this mesoderm migrates anteriorly to border
neural tissue derived from a more anterior level (see
Schoenwolf, 1977; Catala et al., 1995).
High Hoxd10 develops in LS segments despite proximity
to a younger node
The preceding experiments suggest that the late node of
the tailbud is a potent source of posteriorizing signals but do
not indicate when such signals normally operate. Posterior-
izing signals may normally operate early, programming
Hoxd10 during neurulation (before stage 13 for anterior LS
neural segments). The decrease in Hoxd10 expression seen
after transposition to anterior spinal levels would then be
interpreted to reflect a secondary repression initiated by the
local anterior axial environment. An alternative possibility
is that cells of the LS neural tube continue to read and
depend on inductive signals from the stage 13 tailbud and
that such signals are present in a decreasing posterior-to-
anterior gradient. If this is the case, one might expect a
decrease in Hoxd10 expression in normally positioned LS
segments if separated from the stage 13 node. We first
approached this possibility by asking if Hoxd10 expression
could be altered by removing the tailbud of a stage 13
embryo and replacing it with younger Hensen’s node tissue
(Fig. 4A). Donor tissue was taken from stage 7–10 embryos
(1–11 somites). Prior fate mapping studies (see Catala et al.,
1996, Liu et al., 2001) suggest that, at stage 7–10, the
transplant is likely to include some future cervical-thoracic
spinal neural tissue in addition to Hensen’s node and prim-
itive streak tissue.
Initial examinations of Hoxd10 development were made
on eight whole-mount-processed embryos with transplants
of chick node tissue (Fig. 4B). In all cases, Hoxd10 was high
at anterior LS levels, in tissues that were likely to have been
anterior to the tailbud at stage 13. A gap of diminished
expression was evident at middle or posterior LS levels, in
tissues likely to be derived from the transplanted younger
node tissue. Viewed dorsally, this gap varied in length from
one to about five segments. These findings suggest first that
a substantial part of the anterior LS neural tube developed
high Hoxd10 expression despite the change in more poste-
rior axial tissue. Second, the presence of a Hoxd10-negative
region suggests that transplant-derived tissues differentiated
in accord with their origin (Hoxd10-negative anterior spinal
levels).
Analyses of quail-chick chimeras confirmed these con-
clusions (Fig. 4C–K). Transplanted tissue, identified in
Feulgen-stained sections, contributed to posterior neural
tissue, somatic mesoderm, and tail notochord (see also fate
maps of Schoenwolf, 1977; Schoenwolf et al., 1985; Catala
et al., 1995, 1996). Most prominent was the chimeric LS
spinal cord: anterior LS segments were of chick origin,
while posterior LS segments were largely of quail origin.
The position of the transition from a chick to a quail spinal
cord varied from LS3 to LS8. Since prior studies suggest
that only the most anterior LS segments (LS1-3) are nor-
mally derived from tissue anterior to the stage 13 tailbud
(see materials and methods), this observation suggests that
the neural tube has considerable regulative ability, a con-
clusion in line with tailbud extirpation experiments
(Schoenwolf, 1978). We limited our analyses of Hoxd10
expression to those embryos (n  16) where the transition
occurred at LS3-6, axial levels where Hoxd10 expression is
normally very high. The transition occurred at the LS3-4
level in nine embryos and at the LS5-6 level in seven
embryos.
Anterior LS segments of chick (host) origin showed high
levels of Hoxd10 expression, just as in a normal embryo
(Fig. 4C and D). The pattern of Hoxd10 expression in the
quail-derived posterior cord reflected the age of the trans-
planted tissue at the time of surgery. In embryos that had
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received a transplant of the youngest node tissue (stage 7,
1–4 somites), little or no expression was evident in sections
through posterior LS or tail regions (Fig. 4H and L). In
contrast, in embryos with transplants from older donor em-
bryos, Hoxd10 expression did appear one to three segments
posterior to the transition (see Fig. 4J and L).
It should be noted that the quail spinal cord was under-
lain by a chick-derived notochord at all but tail levels and
often (n 14/16) by small isolated remnants of chick neural
tissue (see Fig. 4H, arrow). These observations raise the
possibilities that chick tailbud tissue was not completely
removed at surgery and that a small amount of chick tailbud
tissue was sufficient to induce high Hoxd10 in anterior LS
segments. Prior fate mapping studies, however, also suggest
that tissue growth may occur from anterior to posterior LS
levels after surgery. For example, at spinal levels, the no-
tochord is thought to elongate from anterior to posterior (see
Schoenwolf et al., 1985) and may have done so in our
experimental situation. It is also important to point out that
in the two cases where chick neural tissue remnants were
absent and, therefore, tailbud removal likely to be the most
complete, high levels of Hoxd10 still developed in anterior
LS segments.
At the transition from chick to quail neural tissue, there
was little intermingling of chick and quail neural cells and
a close match between cell origin and the presence or
absence of Hoxd10 (Fig. 4F and G). Ventral spinal tissue
was of chick origin and Hoxd10-positive. Dorsal spinal
tissue was of quail origin and Hoxd10-negative. In the
majority of embryos (n  12/16), host LS spinal tissue was
bordered laterally by chimeric paraxial mesoderm; quail and
chick cells were intermingled in sclerotome and myotome
tissues (see Fig. 4C and E). No differences in neural Hoxd10
expression were noted in embryos with varying contribu-
tions of quail cells to paraxial mesoderm. These observa-
tions indicate that the presence of young node-derived tissue
or its derivatives does not change Hoxd10 expression in
host- derived anterior LS neural tissue.
High Hoxd10 develops in anterior LS segments despite
the removal of multiple potential inductive sources at
stage 13
The above experiments do not rule out the possibility of
residual signals from tailbud tissue that remained or regu-
lated after surgery. Nor do they address the potential sig-
naling functions of mesodermal tissues in place at anterior
LS levels at the time of surgery. Prior studies suggest that
neither anterior LS paraxial mesoderm nor notochordal tis-
sue alone can rescue Hoxd10 expression following spinal
segment transposition to anterior T levels (Lance-Jones et
al., 2001). However, the normal development of high
Hoxd10 expression may reflect the reception of inductive
signals from multiple sources. While not sufficient alone,
signals from local anterior LS paraxial mesoderm or noto-
chordal tissue might compensate for a depletion of tailbud
signals.
To address this hypothesis, a manipulation was designed
to block potential signals from both local LS axial meso-
derm and the tailbud (Fig. 5A and B). Stage 13 LS neural
segments (LS1-3) were transposed to middle/posterior T
regions in stage 11–12 chick host embryos to remove LS
segments from the influences of local LS axial mesoderm.
An incision was then made through neural and mesodermal
tissues at posterior T levels, just posterior to the transplant,
and a rectangular piece of impermeable plastic placed
within the gap in order to create an early barrier to cells or
signals that might spread from the tailbud region.
In all experimental embryos (n  7), Hoxd10 expression
was high in the transplant at stages 28–30. In three cases,
embryonic tissue posterior to the barrier site was completely
absent (Fig. 5C). Here, the finding of high Hoxd10 in the
transplant suggests that signals setting Hoxd10 are intrinsic
and independent of any signals that may spread anteriorly
after stage 13. In the four remaining embryos, a neural tube
was present posterior to the barrier site but separated from
more anterior tissues by a gap in neural, notochordal, and
paraxial mesoderm tissue (see Fig. 5D). High Hoxd10 ex-
pression was evident in the transplant as well as host LS
segments posterior to the barrier.
In 3/4 of these embryos, we also found high Hoxd10
expression in T6 and T7 of the host (compare Fig. 5D and
G). A likely explanation for this finding is that the presence
of a barrier just anterior to the normal LS region prevented
posterior signals from traveling forward and thus increased
the local concentration of Hoxd10 inductive signals. If this
is the case, one might expect that barrier placement at more
anterior levels would result in a less marked induction of
Hoxd10 in host posterior T segments because the signal
would be attenuated. The results of such surgeries provide
support for this hypothesis. When barriers were placed at
brachial or anterior T levels at stages 12–13 (Fig. 5E), no
extension of Hoxd10 expression was detectable in 7/11
cases. In 4 cases, a slight extension appeared to be present
when Hoxd10 expression was compared with that in normal
embryos processed in the same hybridization set (compare
Fig. 5F and G). This finding raises the possibility that the
barrier also blocked descending inhibitory signals. Overall,
however, the results of transposition  barrier experiments
support the hypothesis that anterior LS segments are not
dependent on signals from either the tailbud or local axial
mesoderm at stage 13.
Evidence that LS paraxial mesoderm can be influenced by
axially-graded signals
If the LS neural tube does not require inductive signals
after stage 13, then a possible explanation for the decrease
in Hoxd10 following anterior transposition of neural seg-
ments is that LS neural segments were exposed to inhibitory
signals. Studies at hindbrain and anterior spinal levels
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Fig. 4. Testing whether stage 13 LS neural tissue requires signals from an appropriately aged node. (A) The tailbud was removed from stage 13 embryos
and replaced with stage 7–10 node tissue. (B) Dorsal view of an embryo with a stage 8 chick node transplant. A gap in Hoxd10 expression is present at
middle-posterior LS levels. (C–I) Sections from an embryo with a stage 7 quail node transplant. Photos of Feulgen-stained sections correspond to the boxed
areas shown in photos of Hoxd10-probed sections. (C–E) Hoxd10 expression is high in host (chick) anterior LS neural tissue despite the contribution of quail
cells to local paraxial mesoderm (E) and the presence of young node tissue. (F, G) At middle LS levels, the border between Hoxd10 and Hoxd10 cells
corresponds closely to the border between host and donor cells. (H, I) At posterior LS levels, a Hoxd10 quail spinal cord is present. A small remnant of
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clearly implicate local paraxial mesoderm as a source of
Hox programming signals and suggest that some of these
signals may be inhibitory in nature (see Liu et al., 2001). If
anterior spinal paraxial mesoderm is a source of inhibitory
signals for Hoxd10, one might expect that the inclusion of
LS paraxial mesoderm with a transplant of LS1-3 would
protect the transposed LS neural tissue from the influences
of more anterior paraxial mesoderm. As reported previ-
ously, we did not find this to be true (Lance-Jones et al.,
2001). Hoxd10 expression did not increase in LS neural
tissue transplanted with adjacent mesoderm. One possible
explanation for these results is that inhibitory signals in the
host environment can saturate transplanted mesoderm be-
fore intrinsic mechanisms can fix Hoxd10 levels in trans-
planted LS neural segments.
To address this issue, we asked if the identity of LS
paraxial mesoderm is changed by axial displacement. We
first examined the development of Hoxd10 expression in LS
mesoderm that had been transposed anteriorly at stage
13–14 (Fig. 6A and E). We specifically transposed middle–
posterior LS paraxial mesoderm rather than anterior LS
mesoderm because the former normally develops a higher
level of Hoxd10 expression than the latter (see Fig. 1D). All
transplants of chick mesodermal tissue placed at posterior T
levels (T4-7, n  8) showed normal high levels of meso-
dermal Hoxd10 at stage 29 (Fig. 6B). In marked contrast,
the majority of transplants placed at brachial/anterior T
levels (C14-T3, n  7/10) showed low levels of Hoxd10
expression (Fig. 6F). This low expression is not likely to be
due to a significant amount of death within the transplant.
No consistent differences were noted in the size of the
transplant population in chimeric stage 29 embryos that had
received quail grafts at brachial/anterior T (n  5, see Fig.
6H and I) or posterior T levels (n  4, data not shown).
We next examined the regional identity of cartilages
derived from transplanted mesoderm. In a normal embryo,
brachial/T paraxial mesoderm contributes to vertebra, ribs,
and scapulae, while LS paraxial mesoderm contributes only
to vertebra. Ribs are absent at LS levels and the pelvic
cartilages are derived from LS lateral mesoderm (Chevallier
et al., 1977; Christ et al., 1979). Ten experimental embryos
were sacrificed at stages 32–36 and stained as whole mounts
with alcian blue (after Kelly and Bryden, 1983). Embryos
with transplants placed at posterior T levels showed evi-
dence of an LS-like cartilage identity in the transplant re-
gion. The majority (n  3/4) lacked one rib on the experi-
mental side and had an enlarged cartilage in its place that
resembled an extension of the pelvic girdle (Fig. 6C). In
contrast, embryos with transplants placed at brachial/ante-
rior T levels showed a more T-like cartilage character in the
transplant region. These embryos usually (n  5/6) had a
full complement of ribs. They showed reductions of the
scapula (n  4/6), but in no case were pelvic-like cartilages
present (Fig. 6G). Because we could not distinguish host
from donor tissue in these preparations, we cannot rule out
the possibility of some regulation by host cells surrounding
the transplants (see Kieny et al., 1972). Nevertheless, the
observations of differences in the presence or absence of
ribs and pelvic-like cartilages at the two transplant sites
suggest that axial position has played a role in the morpho-
logical development of the transplants.
Taken together, assessments of both Hoxd10 expression
and cartilage development suggest that the identity of LS
paraxial mesoderm is plastic at stage 13–14 and that this
mesoderm can be influenced and perhaps saturated by sig-
nals from surrounding host mesoderm when placed suffi-
ciently anteriorly (to brachial/T levels). When displaced a
short distance (to posterior T levels), LS mesoderm main-
tains its identity, a finding compatible with the idea that
inhibitory signals are present in a decreasing anterior-to-
posterior gradient. Does the maintenance of identity corre-
late with an ability to induce Hoxd10 in adjacent neural
segments? We occasionally (n  2/8) found a slight in-
crease in Hoxd10 expression and cord size in LS segments
near a posterior T transplant (Fig. 6D). However, in no
embryos did we find ectopic expression in adjacent T neural
tissue. This observation suggests that signals from LS
paraxial mesoderm are not sufficient to induce expression in
a foreign cord region.
Evidence that T paraxial mesoderm is a source of
inhibitory signals
The results described above suggest that the anterior
spinal environment is a source of inhibitory signals for
Hoxd10 expression in both neural and mesodermal tissues.
If anterior paraxial mesoderm is the primary source of such
signals, then one would expect that a transplant of anterior
paraxial mesoderm to the LS region would decrease Hoxd10
expression in adjacent LS neural tissue. We reported previ-
ously (Lance-Jones et al., 2001) that the transplantation of
anterior T paraxial mesoderm (approximately 3 segments)
adjacent to LS1-3 neural segments had little effect on the
development of LS neural identity. Only a small reduction
in motor column size was noted. However, the results of LS
mesoderm transplants (see above) suggest that signals from
surrounding host tissue may predominate over donor sig-
nals. To try to unmask a potential inhibitory influence, we
carried out similar surgeries but increased the amount of
anterior paraxial mesoderm transplanted. Approximately
chick neural tissue is also evident (arrow). (J, K) Sections through the posterior LS region of an embryo with a stage 10 node transplant. Hoxd10 cells are
present in the quail-derived cord, three segments posterior to the transition from a chick to quail cord. (L) Summary graph showing position where the
majority of cells in the quail cord were Hoxd10. In embryos receiving the youngest node transplants, high Hoxd10 expression was either never apparent
or existed in the tail (5 segments after the appearance of the quail cord). With progressively older nodes, Hoxd10 was evident in progressively more anterior
segments. Calibration bars, 100 m (C) and 10 m (E).
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Fig. 5. Testing the requirement for signals from either the tailbud or local axial mesoderm. (A, B) Schematic and photo of transpositionbarrier surgery. Stage
13 LS neural tissue was transplanted to middle/posterior T levels. A barrier was then placed posterior to the transplant in order to block signals that might
normally spread anteriorly from LS levels. (C) Ventral view of spinal cord from an embryo in which tissue posterior to the barrier was lost. Despite this loss,
Hoxd10 is high in the transplant region (bar). (D) Posterior spinal regions from an experimental embryo in which tissue posterior to the barrier remained.
A dashed line shows the gap where the barrier had been placed. Hoxd10 expression is evident in the transplant (bar) despite its early separation from posterior
neural and mesodermal tissues, Surprisingly, Hoxd10 expression is also evident in T segments posterior to the barrier site (arrowhead, T6/T7). (E, F) The
placement of a barrier at more anterior spinal levels results in only a very small anterior extension of Hoxd10 expression. Compare (F) to ventral view of
a control embryo processed in the same hybridization set (G).
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four to five segment- equivalent lengths of brachial/anterior
T paraxial mesoderm were removed from one side of stage
12 chick embryos and positioned in place of anterior and
middle LS paraxial mesoderm (LS1-4/5) in stage 13 chick
hosts (Fig. 6J). At stage 28–30, experimental embryos
showed variable degrees of reduction in mesodermal
Fig. 6. Assessing plasticity and influences of paraxial mesoderm. (A, E, J) Surgeries. (B, F, K) Dorsal views showing Hoxd10 expression in posterior regions of
stage 29 experimental embryos. Anterior is to the left and the experimental side is at top in this figure and all others but (H) and (I). (C, G, L). Stage 34–36
experimental embryos stained for cartilage. (D, M). Ventral views showing Hoxd10 expression in the posterior T/LS spinal cord of stage 29 experimental embryos.
(H, I) Sections through a transplant in a stage 29 quail/chick chimera. (A–D) Surgery (A) and outcomes (B–D) after placement of stage 13–14 posterior LS paraxial
mesoderm at posterior T levels. (B) At stage 29, high Hoxd10 is visible in transplanted mesoderm. (C) At stage 34, a representative embryo lacks a rib and has a
cartilaginous nodule in its place that resembles an extension of the pelvic girdle (arrow). (D) Ventral view of posterior T and LS spinal cord from embryo shown
in (B). No expression of Hoxd10 is induced in T neural segments adjacent to the transplanted LS paraxial mesoderm, however, expression is high in anterior LS
neural segments partially bordered by the transplant. (E–I) Surgery (E) and outcomes (F–I) after placement of stage 13–14 posterior LS paraxial mesoderm at
brachial/anterior T levels. (F) At stage 29, Hoxd10 is low in transplanted mesoderm. (G) At stage 34, a representative embryo shows a normal number of ribs but
a deficient scapula (arrow). (H) Low Hoxd10 expression is evident in mesoderm on the experimental side (right) of a stage 29 quail/chick chimera. Boxed area
corresponds to photo (I) of an adjacent Feulgen-stained section. Quail nuclei are numerous in the dermamyotome region. (J–M) Surgery (J) and outcomes (K–M)
after placement of 4–5 segments of stage 12 anterior T paraxial mesoderm in the LS region. (K) In a stage 29 experimental embryo, Hoxd10 is visibly reduced in
anterior and middle LS paraxial mesoderm. (L) At stage 34, a representative embryo shows rudimentary ribs in the LS region (arrow) and a deficient pelvic girdle.
(M) Ventral view of posterior T and LS spinal cord from embryo shown in (K). Reduced Hoxd10 expression is evident in LS neural segments bordered by the
transplanted T mesodermal tissue. Calibration bars, 250 m (H) and 25 m (I).
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Hoxd10 expression in the LS region. Three/7 of these em-
bryos showed a clear loss of mesodermal expression that
extended through middle LS levels (see Fig. 6K). In these
embryos, but not those with lesser effects on mesodermal
expression, a marked reduction in Hoxd10 neural expres-
sion and LMC size was present (Fig. 6M). Embryos stained
for cartilage at stage 32–36 (n  3) often showed rudimen-
tary ribs and a depleted pelvic girdle in the transplant
region, suggesting a maintenance of T identity in the trans-
planted tissue (Fig. 6L). These findings support the hypoth-
esis that stage 12 anterior paraxial mesoderm can maintain
its identity despite placement in the LS region and that it can
provide signals inhibiting neural Hoxd10 expression.
Discussion
Hox proteins are thought to play a central role in the
encoding of axial identity in the developing hindbrain and
spinal cord. Hoxd10 may be a major player in the definition
of LS identity. From the earliest stages of neuronal differ-
entiation, postmitotic cells within LS spinal segments show
high Hoxd10 expression, while cells within more anterior
(cranial) and posterior (caudal) segments show little if any
expression (Lance-Jones et al., 2001). Further, inactivation
of Hoxd10 leads to abnormalities in the position of the LS
motor columns and LS peripheral nerve patterns (Carpenter
et al., 1997). We have used in vivo tissue manipulations in
the avian embryo to examine the process whereby Hoxd10
expression is programmed or determined within the devel-
oping LS cord. The results of an initial series of experiments
(Lance-Jones et al. 2001) led us to propose that the pro-
gramming of Hoxd10 was initiated before neural tube clo-
sure but that some secondary environmental signals might
be required to stabilize this pattern after neural tube closure.
Here, we present evidence that the programming of Hoxd10
is not only initiated but also virtually completed by the time
of neural tube closure. This programming appears to be
accomplished via ascending signals from the tailbud, the
remnant of Hensen’s node and the primitive streak (Fig. 7).
After neural tube closure, the tailbud may continue to pro-
duce posteriorizing signals, but mechanisms governing the
subsequence development of Hoxd10 expression in the LS
neural tube are largely intrinsic. Our results indicate that LS
paraxial mesoderm is not a major source of signals for the
induction or stabilization of Hoxd10 expression. However,
paraxial mesoderm at more anterior spinal levels appears to
be a source of graded signals capable of inhibiting Hoxd10
development.
Signaling before neural tube formation: tailbud signals
program Hoxd10 before LS neural tube closure
Two lines of evidence suggest that the tailbud is a pri-
mary source of inductive signals setting Hoxd10 expression
patterns. First, it is only when tailbud tissue is included with
a transplant of LS neural tissue to anterior spinal levels that
high levels of Hoxd10 develop. Second, when tailbud tissue
is transposed in this manner, it also induces Hoxd10 and
repressed Hoxc8 in closely apposed T neural tube cells. That
these signals normally operate before LS neural tube closure
(stage 13) is suggested by two additional experiments where
anterior LS segments are isolated from the tailbud at stage
13. Hoxd10 develops to normal levels in LS segments iso-
Fig. 7. Model for programming neural Hoxd10. Prior to stage 13, marked differences in ability to express specific Hox genes are established (green gradient
in neural tissue). Early signals from the node region are likely to specify this pattern. At or after stage 13, the node region or its derivatives continue to serve
as a source of posteriorizing signals (green arrow) but newly formed LS segments are sufficiently programmed that they no longer requires such signals to
develop high Hoxd10. At anterior spinal levels, paraxial mesoderm appears to be a source of inhibitory signals for posterior Hox genes (red triangle). Data
suggest that these signals are highest at cervical levels.
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lated by removal of the tailbud and its replacement with
young node tissue. The results of this single experiment do
not rule out the possibility that the young node or remaining
LS paraxial mesoderm and notochord contain sufficient
inductive signaling capabilities to compensate for tailbud
removal. However, we also observed that high levels of
Hoxd10 develop in LS segments transposed to posterior T
levels and isolated by a barrier from more posterior regions.
These last results suggest that sufficient information is
present in the stage 13 LS neural tube alone to permit the
development of high Hoxd10 expression.
Our findings are compatible with in vitro analyses show-
ing that signals from Hensen’s node can posteriorize Hoxc
profiles in explants of cervical spinal cord (Liu et al., 2001).
They extend them by showing that the older node tissue of
the tailbud has similar Hox-inducing abilities (see also Kn-
ezevic et al., 1998). In cocultures of neural tube and Hens-
en’s node, the specific profile of Hoxc genes induced in
cervical spinal explants reflects the age of the node (Liu et
al., 2001). We find in vivo, when stage 7–10 node trans-
plants are positioned in the LS region, Hoxd10 can develop
in posterior regions of the transplant. In the youngest trans-
plants (stage 7–8), Hoxd10 is expressed at a relatively more
posterior level than with older (stage 9–10) transplants.
These observations confirm the recognized ability of nodal
transplants to self-differentiate in an age-specific manner
(Dias and Schoenwolf, 1990; Garcia-Martinez and Schoen-
wolf, 1992; Selleck and Stern, 1991; Inagaki and Schoen-
wolf, 1993; Knezevic et al., 1998). As proposed by Liu et al.
(2001), it is likely that time-linked changes in Hox-inducing
signals or the length of time that neural progenitors remain
associated with the node account for the different levels at
which Hoxd10 appeared in our nodal transplants. Liu et al.
(2001) also showed that Hoxc10-positive cells can develop
in an isolated segment of stage 13 LS neural tube in culture.
Our results on Hoxd10 provide in vivo evidence of an early
specification and show further that a normal overall pattern
of a posterior Hox gene expression does not require further
signaling.
Signaling after neural tube formation: paraxial mesoderm
at anterior spinal levels is likely to be a source of signals
that can repress posterior Hox gene expression in the
neural tube
We show here that LS segments transposed to anterior
spinal levels can develop some Hoxd10 expression. How-
ever, the level of expression decreases in a graded manner
with increasing distance from the normal LS region. The
observation that LS neural segments can develop high levels
of Hoxd10 when removed from proximity to the tailbud
suggests that Hoxd10 expression after transposition does not
reflect simply the absence of a required inductive signal.
Instead, the LS neural tube is exposed to an axially-graded
system of repressive signals present from cervical through
anterior T levels. The results of spinal transposition (Ensini
et al., 1998) and explant coculture (Liu et al., 2001) suggest
that such signals are likely to originate from paraxial me-
soderm. Most importantly, coculture experiments show that
signals from anterior paraxial mesoderm can repress the
expression of posterior Hoxc genes in explants of more
posterior neural tissue. Our results from placement of ante-
rior T or brachial paraxial mesoderm adjacent to LS seg-
ments indicate that anterior paraxial mesoderm can have a
repressive effect on the development of neural Hoxd10
expression. However, since the repression was often small,
it is likely that tailbud-derived inductive signals continue to
operate and predominate after LS neural tube formation.
Cervical paraxial mesoderm expresses a high level of
retinaldehyde dehydrogenase-2 (RALDH- 2), an enzyme
involved in the synthesis of retinoic acid (RA) and RA is a
candidate for an early inhibitory signal. Following exposure
of anterior T neural explants to retinoids, posterior Hoxc
genes are repressed, suggesting that retinoid signals origi-
nating from cervical paraxial mesoderm refine the Hoxc
expression profile induced earlier by node signals (Liu et al.,
2001). At stages 11–13, the axial levels where RA is high
are just those levels where Hoxd10 appears to be repressed
after LS neural tube transposition. Both RALDH-2 (Berg-
gren et al., 1999; Swindell et al., 1999) and RA (Maden et
al., 1998) are present in paraxial mesoderm from cervical to
anterior T levels and are highest at cervical levels. Little or
no RALDH-2 is expressed in unsegmented paraxial meso-
derm at posterior T and LS levels (Berggren et al., 1999);
however, expression does spread posteriorly to reach these
levels by stage 18 (Swindell et al., 1999). Given these
patterns, it would be of interest to determine if RA does
inhibit Hoxd10 expression in stage 13 LS neural tissue.
If paraxial mesoderm and RA produced at anterior spinal
levels are capable of repressing the neural expression of
Hoxd10 at stage 13, why do they not do so when LS
segments are bordered posteriorly by younger nodes 
primitive streak? The tissue transplanted at stages 7–10 does
not express RALDH-2 but such a transplant would normally
give rise to RALDH-2 expressing cervical and anterior T
paraxial mesoderm (Berggren et al., 1999; Swindell et al.,
1999). A likely explanation is that by the time the trans-
planted tissue develops sufficient signaling capability, the
anterior LS neural has become refractory to such influences.
In fact, the results of prior transposition experiments suggest
that by stage 15, the LS neural tube is refractory to signals
originating from anterior T paraxial mesoderm (Lance-
Jones et al., 2001).
Do inhibitory signals play any role in the normal estab-
lishment of Hoxd10 patterns? With close proximity to the
inductive signals of the tailbud, LS segments are unlikely to
be influenced by such inhibitory signals in a normal embryo.
Results from neural tube  tailbud transpositions as well as
prior transplants of T neural segments into the LS region
(Lance-Jones et al., 2001) indicate that more posterior T
segments can be induced to express Hoxd10 at stage 13,
well after T neural tube closure. Do descending and repres-
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sive signals normally serve to prevent the spread of Hoxd10
into posterior T regions? We found a slight forward spread
of Hoxd10 in some embryos after placing a barrier between
anterior and posterior T regions at stage 13, an effect that
could be due to a block of descending and repressive sig-
nals. A better approach to this question in the future might
be to determine if a forward spread of Hoxd10 into posterior
T segments occurs after application of blockers of RA
synthesis.
Signals from paraxial mesoderm at anterior spinal levels
can also influence the development of Hoxd10 expression
in LS paraxial mesoderm
Our data suggest that signals from the anterior spinal
environment can also repress the expression of Hoxd10 in
LS paraxial mesoderm and perhaps also change the axial
identity of that mesoderm. When unsegmented mesoderm
from middle-posterior LS levels is transplanted to anterior T
levels at stage 13, little Hoxd10 subsequently develops and
cartilage development appears to be largely thoracic in
character. This suggestion of plasticity stands in marked
contrast to the conclusions drawn from prior studies where
paraxial mesoderm has been shown to maintain Hox and
morphological identity after transposition (Kieny et al.,
1972; Goldstein and Kalcheim, 1992; Kant and Goldstein,
1999; Nowicki and Burke, 2000). A likely explanation for
this difference is that we have transposed mesoderm at a
younger stage than in earlier studies. Previous investigators
transplanted paraxial mesoderm around the time of somite
formation, while we transplanted mesoderm just after gas-
trulation, specifically at a time when the programming of
neural Hoxd10 expression has been initiated. Our findings
suggest that signals from the node region may be required
for a brief period after gastrulation. Without such signals,
short segments of paraxial mesoderm may be influenced by
the surrounding environment, a cell- community effect such
as that shown to be important for the maintenance of axial
identity in the hindbrain region (Trainor and Krumlauf,
2000). This observation, in turn, suggests that the inclusion
of LS paraxial mesoderm with a transplant of LS neural tube
is unlikely to protect the LS neural tube from the influences
of the anterior spinal environment. Plasticity is less fre-
quently seen in two experimental paradigms. First, LS
paraxial mesoderm maintains its identity after transposition
to posterior T levels. The fact that these transplants involved
less of an axial displacement than the transplants described
above is compatible with the idea of a graded system of
environmental signals. Original identity can also be main-
tained in T paraxial mesoderm transposed to anterior LS
levels. The fact that these transplants involved the move-
ment of T tissue at around the time of somite formation
(stage 12) is consistent with the idea that paraxial mesoderm
is only sensitive to the relevant environmental signals for a
short time after gastrulation.
Signaling systems at different axial levels
Our in vivo data focusing on the programming of
Hoxd10 show substantial parallels with the in vitro data on
programming patterns of more anterior Hox genes (Liu et
al., 2001). In both cases, inductive signals from the node or
node region appear to be instrumental in early program-
ming. In both cases, signals from paraxial mesoderm at any
one axial level appear to repress posterior Hox gene expres-
sion in more posterior neural segments. However, our re-
sults differ from those of Liu et al. (2001) in that they
provide little evidence that inductive signals from local
paraxial mesoderm play a role in inducing or stabilizing
posterior Hox gene patterns. When LS paraxial mesoderm is
transposed to posterior T regions, it develops high Hoxd10
expression itself but does not induce the expression of
Hoxd10 in the adjacent T neural tissue.
We would suggest that the relative weights of different
signals change in a systematic manner as one moves from
anterior to posterior spinal levels. At the most anterior
spinal levels, 3 Hox gene patterns may be predominantly
specified by paraxial mesoderm signals. Cells in anterior
cervical segments are not programmed to express the most
3 Hoxe genes as they leave the node region and Hoxc5 is
only expressed with exposure to the high levels of RA
present in cervical paraxial mesoderm (Liu et al., 2001). At
thoracic levels, a clear outline of future Hox gene profiles is
initiated by Hensen’s node signals but it is refined by sec-
ondary signals from paraxial mesoderm and perhaps also
notochord tissues. At the LS level, tailbud (node) signals
predominate and programming is virtually complete at the
time of neural tube closure as cells leave the region of the
tailbud.
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